Introduction
Functions such as gene expression, 1 cell adhesion, 2 and cell proliferation 3 in living organisms are controlled by the phosphorylation-dephosphorylation of proteins. The chemical reaction also changes in the structure of enzymes and receptors, and contributes to both activation and inactivation. 4 The addition of a phosphate group to the serine, threonine and tyrosine residues of proteins turns the hydrophobic moieties of the proteins into hydrophilic moieties. 5 Kinase, which combines phosphate groups with a protein, relates to various signal transductions and metabolisms in cells. When this reaction is rapidly monitored, the structural change of the protein is conveniently evaluated. The phosphorylation-dephosphorylation of proteins has generally been measured by immunoblot analysis of phosphorylation antibodies and by autoradiographic methods with phosphoric acid-labeled cells. Furthermore, a reversible phosphorylation-dephosphorylation of chloroplast thylakoid proteins was measured using mass spectrometry. 6 In addition, measurement of the phosphorylation state of proteins was carried out using one-dimensional isoelectric focusing with vertical slab gel electrophoresis. 7 Violin et al. produced genetically encoded fluorescent reporters for PKC activity that reversibly respond to stimuli activating PKC. 8 Phosphorylation of sequence-specific peptides by casein kinase was monitored using electrochemical impedance spectroscopy (EIS). 9 To examine the structure of the phosphoproteins, fragments of the proteins obtained by protease digestion have been analyzed. For purification of the phosphopeptides, immobilized metal affinity chromatography, 10 electrospray ionization mass spectrometry, 11 and Phos-tag ®12 are powerful methods. Because the peptide forms a complex with Fe(III), Al(III), Mn(II), and Zn(II), it can be separated from a matrix based on the complex. The structure of the complexes between metal ions and phosphopeptides was also proposed using X-ray diffraction.
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In addition, the gallium-iminodiacetic acid complex has selectivity for phosphopeptides that is higher than that of Fe(III) and Al(III) complexes. 14 The binding between phosphate group and gallium ion is similar to that of the complex mentioned above. When voltammetric measurements were carried out using a carbon paste electrode modified with a gallium complex, phosphoproteins can be accumulated on the electrode. Furthermore, the gallium complex is not expected to be a significant influence on the redox of the marker ion. On the other hand, Steel et al. reported that DNA with phosphate groups had an electrostatic interaction with a ruthenium(III) complex. 15 In that case, the detection of DNA was carried out using an interaction with gold electrodes. The complex may interact with the phosphate groups of phosphoproteins.
In the present study, we developed a voltammetric method of detecting phosphoproteins using a carbon paste electrode modified with gallium(III) acetylacetonate. Considering the binding between the phosphopeptides and the metal ions, the phosphoproteins were expected to interact with the gallium(III) ion on the electrode surface. Because DNA combined with the ruthenium(III) complex, the phosphoproteins also had the possibility of combining with the complex. Accordingly, the hexaammine ruthenium(III) ion was used as a marker to detect phosphoproteins using an electrode. Since the electrode response of the marker changed with the addition of the phosphoproteins, a method of electrochemically sensing phosphoproteins based on a competitive reaction to the phosphate groups between ruthenium(III) and gallium complexes was proposed. Casein from milk, phosvitin, and ovalbumin from chicken eggs are known as phosphoproteins. α-Phosvitin, which is a glycoprotein, has a molecular weight of 45000 and
The voltammetric detection of phosphoproteins was developed using a gallium(III) acetylacetonate-modified carbon paste electrode. Because phosphate groups of the protein interacted with the gallium(III) ion, the protein was accumulated on the electrode surface. A hexaammine ruthenium(III) ion, which combined with the functional groups, was used to monitor the interaction. When phosvitin and hexaammine ruthenium(III) ions were incubated in 0.1 M acetate buffer (pH 3.2), a reduction peak of hexaammine ruthenium(III) ion at the electrode decreased as the concentration of the protein increased. In contrast, an increase in the peak current was observed with a plain carbon paste electrode. These results were caused by a competitive reaction of the phosphate groups with the hexaammine ruthenium(III) and gallium(III) ions. In the presence of α-, β-and κ-caseins, the electrode response decreased due to the order of the numbers of phosphate groups. This method could be applied to the sensing of phosphoproteins at the 10 -10 M level. contains 10% phosphorus. 16 Phosvitin consists of 217 amino-acid residues and contains 57.5% of phosphoserine residues. 17 Therefore, phosvitin was selected as an example of a phosphoprotein. Voltammetric measurements of α-, β-and κ-caseins were also performed to investigate the effect of the numbers of phosphate groups. To realize the merits of the carbon paste electrode, 18 the electrode surface was easily regenerated via a simple modification of the functional molecules. This electrode can be used to easily estimate what kind of gallium compound would be a suitable modifier.
Experimental

Reagents and chemicals
Gallium(III) acetylacetonate, gallium(III) ethoxide and gallium(III) oxide were purchased from Wako Pure Industries, Japan. Hexaammine ruthenium(III) chloride, fetal bovine serum, phosvitin, α-, β-, κ-caseins and ovalbumin were from Sigma-Aldrich Co. LLC. Graphite powder (TSP-1) was obtained from Tokai Carbon Co., Ltd., Japan. Acetic acid-sodium acetate solution was used as the supporting electrolyte in the voltammetric measurements. High-quality nitrogen gas was used for deaeration. Other reagents were of analytical reagent grade.
Apparatus
Voltammetric measurements were carried out with a CV-50 electrochemical analyzer (Bioanalytical Systems Inc. (BAS)). The working electrode was a carbon paste type (Model No. 11-2013, BAS). A platinum counter electrode and an Ag/AgCl (3 M NaCl) reference electrode (Model No. 11-2210, BAS) were used. All potentials were measured against the Ag/AgCl electrode.
Procedure
A carbon paste electrode modified with a gallium compound was constructed as follows. The modifiers were the gallium compounds mentioned above. The binding between the gallium compounds and the phosphoproteins was evaluated using cyclic voltammetry (scan rate, 50 mV/s) and differential pulse voltammetry (scan rate, 5 mV/s; pulse amplitude, 50 mV; sample width, 2 ms; pulse period, 200 ms). The binding was monitored using a reduction peak of hexaammine ruthenium(III) ion. The paste was prepared with a mixture of carbon powder (90 mg), modifier (10 mg), and binder (60 mg) in a mortar. A part of the paste was then loaded to the cavity of an electrode top, and the electrode surface was smoothed using weighing paper. The electrode that was used had a geometrical area of 0.05 cm 2 . After the incubation of phosphoproteins and the hexaammine ruthenium(III) ion for 10 min in 10 ml of 0.1 M acetate buffer (pH 3.2), measurements were carried out ranging between -0.5 and +0.2 V. Stable background currents were obtained by the supporting electrolyte. A solution with pH 6.2 was used for the regeneration of the electrode with reproducible results.
Results and Discussion
Voltammetric behavior of the hexaammine ruthenium(III) ion with phosvitin
A voltammetric measurement of the hexaammine ruthenium(III) ion was carried out using a plain carbon paste electrode in an acetate buffer (pH 3.2) with 3.0 × 10 -5 M hexaammine ruthenium(III) ion ( Fig. 1(A) ). A reduction wave of hexaammine ruthenium(III) ion at -0.15 V was observed after the marker was stirred for 10 min. When 3.0 × 10 -5 M hexaammine ruthenium(III) ion and 5.0 × 10 -9 M phosvitin were incubated in the solution under identical conditions, the peak current increased as the concentration was increased. It was suggested that the hexaammine ruthenium(III) ion had an electrostatic interaction with phosvitin. However, the peak became broader over 2 × 10 -9 M phosvitin, and showed poor reproducibility. In addition, voltammetric measurements using a plain electrode were influenced by coexisting compound. Because the peak current of 5.0 × 10 -9 M phosvitin became half of a solution with 5 × 10 -9 M soybean agglutinin, the measurements of phosvitin were not suitable using a plain electrode.
On the other hand, voltammograms of the hexaammine ruthenium(III) ion were recorded using an electrode modified with gallium(III) acetylacetonate (Fig. 1(B) ). Although the peak current of the marker ion at the modified electrode was one-third that of a plain electrode, the peak current drastically decreased with the addition of phosvitin. When gallium(III) oxide was used as a modifier, the increase in the peak current of the marker ion equaled that of a plain electrode. Because the reproducibility of differing electrode surfaces was 6.0% for a measurement of 2.0 × 10 -9 M, regeneration improved the RSD with repeated uses. The time required to mix phosphoprotein and the marker ion with the modified electrode was more than 8 min. The peak current obtained without stirring was one-fourth that obtained with stirring for 10 min, and the RSD of 2.0 × 10 -9 M phosvitin was 12% (n = 5).
In contrast, by a comparison with a plain electrode, the peak current using an electrode modified with gallium(III) oxide increased in 0.1 M acetate buffer with 2.0 × 10 -9 M phosvitin. For an electrode with gallium(III) ethoxide, the peak current was not significantly changed in the presence of phosvitin. It was clear that the electrode response depended on the properties of the modifier. Covalently stabilized gallium(III) oxide did not react to the phosphoprotein. Because gallium(III) ethoxide is an organic metallic compound, the replacement of the ethoxide moiety by the phosphate groups of the protein was scant. Accordingly, the voltammetric behavior of the marker ion was investigated using a gallium(III) acetylacetonate-modified electrode. Figure 2 shows the relationship between the peak current of the marker ion and pH. The peak currents were expected to be significantly influenced by pH. The measurements were carried out using differential voltammetry. The peak current of the marker ion was maximum in 0.1 M acetic acid (pH 2.9). When phosvitin was added to a 0.1 M acetate buffer of pH 3 -4, it was accumulated on the electrode surface. However, the interaction between the gallium(III) ion and the phosphate groups became small at a pH of more than 4.0. For a modification ratio of gallium(III) acetylacetonate to graphite powder, the peak current for a 2% gallium(III) acetylacetonatemodified electrode did not change with the addition of phosvitin. However, the peak currents decreased for modification ratios ranging from 7.5 -12%, and the reproducibility was superior.
Effect of the number of phosphate groups in casein
Voltammetric measurements using casein as a phosphoprotein were carried out using the same procedure. One type of casein contains the most α-casein. Alpha, beta and kappa caseins have 8, 5, and 1 phosphate groups per molecule, respectively. When each concentration of casein was at 5 × 10 -9 M, the peak currents decreased with an increasing number of phosphate groups. As a result, the electrode responses changed due to an interaction between the gallium(III) ion and the phosphate groups (Fig. 3) .
Regeneration of the electrode
When the pH of 0.1 M acetate buffer was higher than 4.5, a phosphoprotein-gallium(III) complex would not form on the electrode. This indicated that the electrode was regenerated by immersion in 0.1 M acetate buffer (pH 6.2). The peak currents became constant from the second to the fourth measurements (Fig. 4) . We confirmed that the electrode could be reused 7 times. Calibrations for the curve of the electrode surfaces using the twice-regenerated electrode were linear for the phosvitin content which ranged from 3.0 × 10 -10 to 7.5 × 10 -9 M with the equation y = -0.029x + 0.24 and correlation coefficient, R 2 = 0.997 (Fig. 5) . Because the reproducibility of differing electrode surfaces was 6.0% for a measurement of 2.0 × 10 -9 M, regeneration improved the RSD with repeated use. Under these conditions, the detection limit of phosvitin estimated at 3 standard deviations from the blank was 1.0 × 10 -10 M. The reason that the initial peak current was higher than continuous measurements may have been the lack of a part of the modifier. Furthermore, the steps of measurement/regeneration determined the direction of the gallium(III) complex. The placement of the modifier was also oriented randomly on the electrode surface. Prabhu et al. reported that regeneration changed the direction to that of the site of the protein binding. 19 The reproducibility is expected to improve due to this phenomenon. The current was decreased to a constant value by the addition of phosvitin, which is not shown. Thus, regeneration of the electrode was easily achieved by increasing the pH. 
Electrode reaction of the marker ion based on binding between gallium compounds and phosphoproteins
The electrode mechanism of the marker ion is proposed as follows (Fig. 6) .
Phosphoproteins are only slightly non-specifically adsorbed on a plain or gallium(III) oxide-modified electrode. Because the phosphate groups have an electrostatic interaction with the marker ion, the phosphoprotein-marker ion complex was accumulated on the electrode surface. Therefore, the peak current of the marker ion was increased with an increase in the concentration of the phosphoproteins.
In contrast, the phosphate groups of the protein were expected to combine with the gallium(III) ion of the modifier. The gallium-phosphoprotein complex on the electrode blocked the electrode response of the marker ion. Then, the electrode response was controlled by the competitive reaction to phosphate groups of the protein between the gallium(III) ion and the ruthenium complex.
Influence of several proteins on voltammetric measurement
The coexistence of phosphoproteins, glycoproteins and simple proteins was investigated after a protein and the marker ion were incubated in an acetate buffer. A concentration that became 90% of the peak current of the marker ion with the protein was chosen as an acceptable concentration. Based on voltammetric measurements, the concentration of the protein was as high as 5.0 × 10 -8 M. Ovalbumin with phosphate groups was accumulated on the gallium(III) acetylacetonate-modified electrode. When 0.2 × 10 -8 M ovalbumin was added to the solution, the peak current decreased as the protein increased. Concanavalin A and wheat germ agglutinin, which is known as lectin, did not interact with the marker ion in the presence of 5.0 × 10 -8 M lectin. In addition, avidin and ovotransferrin from egg white and bovine serum albumin did not influence the peak current. For soybean agglutinin, the peak current decreased due to a small amount of nonspecific adsorption on the electrode surface. The permissible concentration of soybean agglutinin was 2.0 × 10 -8 M.
Voltammetric measurements of phosvitin with fetal bovine serum
To investigate whether phosvitin can be measured using this method, voltammetric determinations of phosvitin were carried out using the electrodes modified with gallium(III) acetylacetonate. The fetal bovine serum, which contained several proteins, was selected as a real sample. The influences due to matrix of proteins were evaluated using the serum with some concentrations of phosvitin. Because the concentration of total protein in the serum was 0.0038 g/L, the serum was diluted with 0.1 M acetate buffer (pH 3.2). After several concentrations of phosvitin were added to the buffer with the serum, the solution was incubated for 10 min with stirring. Table 1 showed the results obtained by voltammetric measurements. Judging from the recoveries of phosvitin, influences from the matrix were hardly observed up to 0.01% of the fetal bovine serum. Therefore, this method could be applied to the direct detection of the phosvitin.
Conclusions
A gallium(III) acetylacetonate-modified carbon paste electrode was designed, and the interaction between the gallium(III) ion on the electrode surface and the phosphate groups was evaluated using a hexaammine ruthenium(III) ion as a marker ion. The voltammetric behavior of the marker ion differed from that of the electrode with either gallium(III) oxide or gallium(III) ethoxide due to the properties of the gallium compound on the electrode surface.
For gallium(III) acetylacetonate, the acetylacetonate moieties may have been replaced by the phosphate groups of the protein. As a result, binding between the gallium(III) ion and the phosphate groups contributed to a change in the peak current. In this case, the formation of the phosphoprotein-hexaammine ruthenium(III) ion complex was suppressed. When the electrode response of a phosphoprotein was compared with that of a simple protein and a glycoprotein, a selective electrochemical detection of phosphoprotein was achieved. Consequently, by monitoring the phosphorylationdephosphorylation, this method could be used to evaluate the conformational change of a protein. 
